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Abstract

The enzymatic formation of kynurenic acid (KYNA), a neuromodulator metabolite of the
kynurenine pathway (KP) of tryptophan metabolism, in the mammalian brain is widely
attributed to kynurenine aminotransferase II (KATII). However, an alternative biosynthetic
route, involving the conversion of D-kynurenine (D-KYN) to KYNA by D-amino acid
oxidase (D-AAO), may play a role as well. In the present study, we first confirmed that
purified D-AAQ efficiently converted D-KYN—but not L-KYN—to KYNA. We then ex-
amined KYNA formation from D-KYN (100 uM) in vitro, using tissue homogenates from
several human brain regions. KYNA was generated in all areas, with D-AAO-specific
production being most effective by far in the cerebellum. Next tested in homogenates
from rat cerebellum, KYNA neosynthesis was significantly reduced by D-AAQO inhibition,
whereas KATII inhibition had no effect. Finally, KYNA production was assessed by in vivo
microdialysis in rat cerebellum. Local D-KYN perfusion, alone and in combination with in-
hibitors of D-AAO (kojic acid) or aminotransferases (AOAA), caused a substantive increase
in extracellular KYNA levels. This effect was attenuated dose-dependently by micromo-
lar concentrations of kojic acid, whereas co-perfusion of AOAA (1 mM) was ineffective.
Together, our findings indicate that D-AAO should be considered a major contributor to
KYNA production in the cerebellum, highlighting region-specific qualitative differences in
cerebral KYNA metabolism.

Keywords: D-amino acid oxidase; kynurenic acid; cerebellum; D-kynurenine

1. Introduction

Kynurenic acid (KYNA), an astrocyte-derived metabolite of the kynurenine pathway
(KP) of tryptophan metabolism, is increasingly considered to be a versatile and biologically
relevant endogenous neuromodulator [1]. KYNA competitively inhibits the glycine co-
agonist (glycineB) site of the NMDA receptor [2,3] and, non-competitively, the «7-nicotinic
acetylcholine receptor («7-nAChR) [4] at nanomolar to low micromolar concentrations.
At higher, non-physiological concentrations, KYNA antagonizes all ionotropic glutamate
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receptors [5] and, as shown recently, also targets additional receptors [6,7]. Notably, in vivo
fluctuations of endogenous KYNA affect the extracellular concentrations of the major
neurotransmitters dopamine [8,9], glutamate [10,11], acetylcholine [12], and GABA [13] in
rodent brain. In several cases, these effects have been shown to be initiated by KYNA's
antagonism of «7-nAChRs, which are critically involved in a multitude of brain functions
and also participate causally in various neuropathological situations [14-16]. In addition
and related, brain KYNA plays a significant role in neuroinflammatory processes, which
promote tryptophan degradation through the KP and, consequently, stimulate KYNA pro-
duction [17]. More generally, both increases and decreases in brain KYNA levels cause brain
dysfunctions, including excessive neuronal vulnerability (due to KYNA reduction) [18]
and a disruption of cognitive processes (due to elevated KYNA) [19-22]. Of particular in-
terest, and in line with the increasingly appreciated role of KYNA in learning and memory,
its down-regulation by selective genetic or pharmacological interventions was shown to
improve cognitive performance in experimental animals [23-25].

KYNA formation in mammals has been extensively investigated for decades [5,26]
and is commonly reported to be catalyzed by kynurenine aminotransferases (KATs), which
produce the metabolite irreversibly from its immediate bioprecursor, kynurenine. Of the
four KATs identified so far [27,28], KATII (x-aminoadipate transaminase) is primarily
responsible for the neosynthesis of rapidly mobilizable KYNA in the brain under physio-
logical conditions [15]. Of note, while KATs preferentially use L-kynurenine (L-KYN) as
a substrate, they are not entirely stereospecific and can also convert the D-enantiomer of
kynurenine (D-KYN) to KYNA in both peripheral organs and the brain [29-31].

Recently, alternative pathways for KYNA biosynthesis have been identified [32,33].
One of these involves the enzymatic conversion of D-KYN by D-amino acid oxidase
(D-AAO) [34-37]. As D-KYN, probably originating from bacterial D-tryptophan [38],
is readily detectable in mammals [31], this biosynthetic route clearly deserves careful
examination [39].

D-AAOQ is a peroxisomal enzyme which oxidizes D-amino acids non-specifically
through a reaction involving the reduction of its prosthetic group, flavin adenine dinu-
cleotide (FAD), thus producing the corresponding imino acid, which is then hydrolyzed to
ammonia and the corresponding «-keto acid [40-43]. D-amino acids, derived from dietary
sources and gut microbiota, are now understood to play substantive roles in modulating
neuronal signaling and to participate in cognitive processes [44,45]. Of relevance with
regard to KP metabolism, D-AAQO not only converts D-tryptophan to L-tryptophan [46]
but can also produce D-KYN from D-tryptophan and KYNA from D-KYN [34,39,47]. In-
terestingly, D-AAO expression and activity in mammalian brain is notably higher in the
cerebellum than in the forebrain [48,49]. Furthermore, D-AAQO dysregulation has been
linked to amyotrophic lateral sclerosis and schizophrenia, i.e., neurological and psychiatric
disorders that are associated with altered brain KYNA levels [43,50-52]. In light of the
apparent translational relevance of KYNA, the present study was designed to determine
the respective roles of D-AAO and KATII in the neosynthesis of KYNA from D-KYN in
human and rat brain in greater detail.

2. Materials and Methods
2.1. Materials

KYNA, D-KYN, L-KYN, aminooxyacetic acid (AOAA), kojic acid, and pure porcine
kidney D-AAO were purchased from Sigma (St. Louis, MO, USA). All other chemicals
were obtained from various commercial suppliers and were of the highest available purity.
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2.2. Human Brain Tissue

Human brain tissue was obtained from the Maryland Brain Collection, a repository of
postmortem tissue maintained in cooperation with the Office of the Chief Medical Examiner
of the State of Maryland and housed at the Maryland Psychiatric Research Center. Brain
donors (post-mortem interval of <22 h) were normal control subjects (age 41 £ 2 years)
who were free of neurological or psychiatric disorders. Brain regions were dissected out,
and the tissue was stored at —80 °C prior to analysis.

2.3. Animals

Male Wistar rats (250-300 g; from the vivarium of National Institute of Neurology
and Neurosurgery) were housed in groups of five in acrylic cages with ad libitum access
to standard rodent diet and water. They were maintained under controlled conditions of
temperature (25 =+ 3 °C), humidity (50 &= 10%), and a 12-h light/dark cycle. All experimental
procedures followed the guidelines of the Guide for the Care and Use of Laboratory Animals
(CICUAL-INNN), as well as the ethical standards of the Ministry of Health of Mexico.

2.4. In Vitro Studies
2.4.1. KYNA Production from Pure D-AAO

To assess KYNA production by D-AAO, 1 mg of the pure enzyme was dissolved in 10
mL of 200 mM Tris-HCl buffer, pH 8.4, and 5 uL of the solution were added to 200 uL of
the same buffer containing D-KYN or L-KYN (100 uM each) and 0.1 mM flavin adenine
dinucleotide (FAD). Where indicated, the reaction mixture also contained the non-specific
inhibitor aminotransferase inhibitor AOAA or the non-specific D-AAQO inhibitor kojic acid
(final concentrations: 1 mM) [53,54]. Samples were then incubated at 37 °C for 2 h, and the
reaction was terminated by the addition of 20 pL of 50% trichloroacetic acid and 1 mL of
0.1 N HCL. After centrifugation (14,000 g, 10 min), 20 uL of the resulting supernatant were
applied to a 3 um C18 reverse phase high performance liquid chromatography column
(80 mm x 4.6 mm; ESA, Chelmsford, MA, USA) using a mobile phase containing 250 mM
zinc acetate, 50 mM sodium acetate, and 2% acetonitrile (pH adjusted to 6.2 with glacial
acetic acid) and a flow rate of 1.0 mL/min. In the eluate, KYNA was quantitated fluori-
metrically (excitation: 344 nm, emission: 398 nm; Perkin Elmer Series 200a fluorescence
detector; Perkin Elmer, Waltham, MA, USA). The retention time of KYNA was ~7 min.

2.4.2. KYNA Production from D-KYN in Tissue Homogenates from Human and Rat Brain

In tissue homogenates from human brain (prefrontal cortex, hippocampus, thalamus,
striatum, and cerebellum) and from rat cerebellum, the production of KYNA from D-
KYN was examined using established assay procedures for measuring KATII and D-AAO
activity, respectively. Where indicated, the enzyme inhibitors AOAA or kojic acid (final
concentrations: 1 mM) were added to the reaction mixture. In all cases, newly produced
KYNA was measured by high-performance liquid chromatography, as described above.

To determine KATII activity, frozen tissues were thawed and homogenized (1:10; w/v)
by sonication in 5 mM Tris-acetate buffer, pH 8.0, containing 10 mM 2-mercaptoethanol and
50 uM pyridoxal-5-phosphate. Eighty micro-liters of the homogenate were then incubated
with 100 uM D-KYN for 2 h at 37 °C in 150 mM Tris-acetate buffer, pH 7.4, containing 1 mM
pyruvate and 80 uM pyridoxal-5'-phosphate for a total volume of 200 pL [29].

To measure D-AAO activity, thawed tissues were homogenized (1:10; w/v) by sonica-
tion in 200 mM Tris-HCl buffer, pH 8.4, and 80 uL of the homogenate was incubated in the
presence of 100 pM D-KYN for 2 h at 37 °C in 200 mM Tris- HCl buffer in a total volume of
200 pL [31].
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2.5. In Vivo Microdialysis

Rats were assigned to the following experimental groups: (a) D-KYN, (b) D-KYN + AOAA,
and (c) D-KYN + kojic acid. Each group consisted of five to six animals. Group allocation
was randomized using a simple randomization method. Rats were anesthetized with
ketamine (80 mg/kg, i.p.) and xylazine (10 mg/k, i.p.) and placed in a stereotaxic frame.
A guide cannula (MAB 2.14.G, SciPro Inc., Sanborn, NY, USA) was positioned in the
cerebellum (AP: 10.6 mm anterior to bregma, L: 1.6 mm from the midline, V: 1.2 mm below
the dura) and secured to the skull with stainless steel screws and acrylic dental cement.
After surgery, the animals were allowed to recover and were housed individually in acrylic
cages with full access to food and water. The next day, a microdialysis probe (MAB 9.14.2,
membrane length: 2 mm; SciPro) was inserted and connected to a microperfusion pump
set at a flow rate of 1.5 uL/min. The freely moving animals were perfused with Ringer
solution (pH 6.7) containing 144 mM NaCl, 4.8 mM KCl, 1.2 MgSQOy, and 1.7 mM CaCl, for
2.5 h to establish a baseline. D-KYN (100 uM) was then perfused locally for 2 h alone or
combined with kojic acid (1 mM) or AOAA (1 mM). Subsequently, perfusion with Ringer
solution continued for 4 h. Microdialysis samples were collected every 30 min. Ten micro-
liters of the microdialysate were applied to a 5 um C18 reverse-phase column (Shimadzu
Nexcol C18 5 pm, 50 mm x 3.0 mm, Shimadzu, Columbia, MD, USA) using a mobile phase
containing 250 mM zinc acetate, 50 mM sodium acetate, and 2% acetonitrile (pH adjusted
to 6.2 with glacial acetic acid), with a flow rate of 0.5 mL/min. KYNA was quantitated
fluorometrically (excitation: 344 nm, emission: 398 nm; RF-20Axs Shimadzu fluorescence
detector; Shimadzu, Tokyo, Japan). The retention of KYNA was ~8 min. Data were not
corrected for recovery rate from the microdialysis probe and are presented as a percent
increase from the baseline.

2.6. Statistical Analysis

Data are expressed as the mean =+ standard error of the mean (SEM). Comparisons
between groups used the one-way ANOVA followed by Bonferroni’s post-hoc test. Two-
way ANOVA with Bonferroni’s multiple comparisons test for each timepoint between
treatments was used for in vivo microdialysis experiments. Significance was set at p < 0.05,
using GraphPad Prism 10 version 10.5.0 (GraphPad, San Diego, CA, USA).

3. Results
3.1. Pure D-AAQO Produces KYNA from D-KYN

Incubation of D-KYN with pure D-AAOQ led to significant KYNA production, and
the neosynthesis of KYNA was dose-dependently reduced by the addition of the D-AAO
inhibitor, i.e., kojic acid (~95% inhibition at 1 mM). In contrast, co-incubation with the
aminotransferase inhibitor, i.e., AOAA (1 mM), had no effect on KYNA production, and no
KYNA formation was observed after incubation with L-KYN (Figure 1).

3.2. KYNA Production from D-KYN in Human Brain Tissue Homogenates In Vitro

Next, we studied the de novo production of KYNA from D-KYN in vitro in tissue
homogenates obtained from five different human brain regions (cortex, hippocampus, tha-
lamus, putamen, and cerebellum). To this end, samples were incubated with D-KYN under
two experimental conditions, favoring KATII activity and D-AAO activity, respectively.
KYNA formation was detected in all brain areas in both cases, with KATII conditions being
approximately half as effective (Figure 2). Notably, the cerebellum showed more than 10-
fold greater KYNA production than the other brain areas under both incubation conditions.
The addition of 1 mM AOAA did not reduce cerebellar KYNA synthesis (Figure 2, insets).
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Figure 1. Pure D-AAO produced KYNA from D-KYN in vitro. D-AAO was incubated with 100 uM
D-KYN or L-KYN for 2 h at 37 °C in the presence or absence of AOAA (1 mM) or kojic acid (1 mM).
Data are the mean + SEM of three experiments. *** p < 0.001 vs. D-KYN alone (one-way ANOVA
followed by Bonferroni’s post-hoc test). n.d.: not detectable. Inset: kojic acid dose-dependently
inhibited the neosynthesis of KYNA from D-KYN.
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Figure 2. KYNA neosynthesis from D-KYN across several human brain regions under optimal
experimental conditions for measuring KATII (A) and D-AAO (B) activity, respectively. Tissue
homogenates were incubated with 100 uM D-KYN for 2 h at 37 °C. See text for additional details.
Inserts: the aminotransferase inhibitor AOAA (1 mM) did not affect the neosynthesis of KYNA in the
cerebellum under either of the two assay conditions. Data are the mean & SEM (n = 5). *** p < 0.001
vs. all other brain regions (one-way ANOVA followed by Bonferroni’s post-hoc test).

3.3. Roles of D-AAQ and KATII in the Production of KYNA from D-KYN in the Rat Cerebellum
In Vitro

The remarkably greater efficacy of the conversion of D-KYN to KYNA in the human
cerebellum prompted us to study the relative contributions of D-AAO and KATII in tissue
homogenates from the rat cerebellum. These experiments revealed a pattern similar to
that seen in the human cerebellum (cf. above), with approximately double the efficacy
under conditions favoring D-AAO activity (Figure 3). Here, too, incubation with AOAA
did not affect KYNA levels, whereas the D-AAO inhibitor kojic acid essentially abolished
KYNA production.
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Figure 3. In vitro production of KYNA from D-KYN in rat cerebellar homogenates under optimal
conditions favoring D-AAO and KATII activity, respectively: effect of AOAA and kojic acid. Tissue
homogenates were incubated with 100 uM D-KYN for 2 h at 37 °C under D-AAO or KATII condition
in the presence or absence of AOAA (1 mM) or kojic acid (1 mM). See text for additional details.
Data are the mean + SEM (n = 5-6). *** p < 0.001 vs. D-KYN alone (one-way ANOVA followed by
Bonferroni’s post-hoc test).

3.4. Roles of D-AAO and KATII in the Production of KYNA from D-KYN in Rat Cerebellum
In Vivo

Finally, we investigated the impact of D-KYN on extracellular KYNA concentrations in
rat cerebellum by in vivo microdialysis. To this end, we applied 100 uM of D-KYN locally
by reverse dialysis. As shown in Figure 4, D-KYN infusion caused a substantive increase in
extracellular KYNA (basal levels: 3.1 £ 1.9 nM), reaching a maximum (237.6 & 19.1 nM)
after approximately 1.5 h. In separate animals, D-KYN was co-perfused with either 1 mM
AOAA or 1 mM kojic acid. Co-application of AOAA had no noticeable effect on KYNA
levels, whereas kojic acid significantly inhibited the increase in KYNA (128.1 £ 17.8 nM)
formation, reducing the area under the curve by approximately 50% (Figure 4, inset).
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Figure 4. Effect of D-KYN on extracellular KYNA levels in the rat cerebellum in vivo. D-KYN (100 uM)
was applied by reverse dialysis (bar), alone or together with AOAA and kojic acid, and KYNA was
measured in microdialysate samples. See text for additional details. Data are the mean 4+ SEM (n =5
per group). Inset: Areas under the curve (AUC) were calculated from 2 h to 8 h for each rat. Data
are the mean + SEM (n = 5-6 per group).  p < 0.05 vs. baseline (one-way ANOVA followed by
Bonferroni’s post-hoc test), * p < 0.05 vs. D-KYN alone (two-way ANOVA followed by Bonferroni’s
post-hoc test).
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4. Discussion

The present study provides new insights into the enzymatic pathways involved in
KYNA production from D-KYN, particularly highlighting the significant role of D-AAO
in the cerebellum in this context. Our findings confirm that KYNA can be produced
from D-KYN both in vitro and in vivo, with a clear preference for D-AAO- vs. KATII-
mediated conversion. The human cerebellum was identified as a key brain region for
D-AAO-catalyzed KYNA synthesis, showing considerably higher production than the
cortex, hippocampus, thalamus, and putamen. Given the role of D-amino acids in the
regulation of neuronal signaling, cognition, and aging [55,56], the identification of D-KYN
as a crucial precursor of KYNA in the cerebellum suggests new avenues for therapeutic
strategies in disorders associated with altered D-AAO activity and/or KYNA dysregulation.

Our experiments with purified D-AAO confirmed the ability of the enzyme to effec-
tively transform D-KYN to KYNA, corroborating previous reports that D-AAQO catalyzes
the transamination of D-KYN and that L-KYN is not a viable substrate [31,47]. The enzy-
matic mechanism appears to involve deamination of D-KYN followed by spontaneous
ring closure to form KYNA [30,57,58]. A key novel observation in the present study was
not only the disproportionally high effect seen in the cerebellum, which parallelled the
high expression and activity of D-AAQ in this region [48,59-61], but also the demonstra-
tion that D-KYN-induced KYNA synthesis in the cerebellum was not generated by KATs,
since the co-administration of AOAA had no effect either in vitro or in vivo. This was in
marked contrast to the striatum, where microdialysis experiments in rats showed that the
conversion of D-KYN to KYNA was partially mediated by enzymatic transamination, since
co-infusion with AOAA resulted in a 40% inhibition of the process [29]. These region-
dependent differences in KYNA production can be explained by the distinct distribution of
the enzymes involved: in the cerebellum, D-AAO expression is significantly higher than
that of KATII, making D-AAO the dominant contributor to KYNA synthesis from D-KYN.
Conversely, in the striatum, KATII is highly expressed and thus plays a major role in KYNA
formation from D-KYN. These findings highlight the importance of regional enzymatic
profiles, which could become particularly relevant under pathological conditions, i.e.,
where alterations in D-AAO or KATII expression or activity may exacerbate or otherwise
modulate region-specific changes in KYNA levels and, consequently, neuronal function.

Although D-amino acids are generally present in low abundance in mammalian
tissues [62], their levels and metabolism can change substantially during dysbiosis or
infections, as many microorganisms possess the enzymatic machinery to produce and
process D-amino acids [44,63]. In these conditions, the availability of D-KYN may increase,
potentially enhancing KYNA production via D-AAO which is highly expressed in the
cerebellum, with possible consequences for cerebral function [64]. Notably, the cerebellum
is one of the brain regions with the lowest endogenous levels of KYNA under physiological
conditions [65].

The reciprocal relationship of the cerebellum with brain regions involved in cognition,
executive function, and emotion regulations (i.e., the cortex, thalamus, hippocampus,
and parietal association areas) is well established [66,67]. Although the role of cerebellar
KYNA in brain (dys) function is still largely unexplored, its biological relevance clearly
deserves detailed future evaluation. Specifically, in view of the cerebellum functional
connectivity with the prefrontal cortex [68,69], irregular cerebellar KYNA synthesis may
contribute to the dysregulation of dopaminergic and glutamatergic signaling in cortical
areas, leading to cognitive impairments and behavioral abnormalities. Of note in this
context, elevated levels of KYNA are found in the forebrain and cerebrospinal fluid of
patients with schizophrenia [70,71] and Alzheimer’s disease (see [72] for review), i.e.,
major brain disorders that are associated with cognitive impairments. Moreover, high
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KYNA concentrations may play a role in cognitive impairments seen during the aging
process [73,74].

Future studies therefore ought to focus on the intricacies of KYNA biology in the
cerebellum under physiological and particularly under pathological conditions, considering
developmental patterns as well as possible species and sex differences. Experimental
outcome measures should include detailed anatomical and electrophysiological analyses to
clarify the cellular localization of KATII and D-AAO (both of which have been reported to
be present in cerebellar astrocytes [59,75]) and the functional interactions of these cells with
a7-nACh, NMDA, and, possibly, additional receptors (see Section 1). Based on the present
results, showing essentially complete separation of KYNA neosynthesis from L-KYN and
D-KYN by KATII and D-AAO, respectively, these studies can be expected to provide
informative insights into the roles of the two kynurenine enantiomers in the cerebellum
and beyond.

Pharmacological modulation of brain KYNA levels has been repeatedly proposed
as a therapeutic strategy in a number of neuropsychiatric diseases, in most cases target-
ing KATII and other enzymes of the classic KP of tryptophan degradation (see [15] for
review). With particular emphasis on regulating the enzyme in the cerebellum, and also in
view of the fact that its expression and function is abnormal in the brain of persons with
schizophrenia [49,76], the present study suggests that attention should now also be paid
to D-AAO in this respect. Notably, D-AAO manipulations aimed at clinical use have so
far focused almost exclusively on controlling the levels of its substrate D-serine, a critical
glycineB receptor agonist [77]. Also from a translational perspective, future studies will
therefore need to consider the respective effects of pharmacologically induced fluctuations
in D-KYN and D-serine levels and function in physiological and pathological settings.

5. Conclusions

The present study revealed substantive region-specific differences in KYNA neosyn-
thesis from D-KYN in mammalian brain, demonstrating a prominent role of D-AAO in
KYNA production in the cerebellum. In light of the increasingly recognized role of D-AAO
in brain physiology and pathology, our findings open heretofore unappreciated opportu-
nities for the development of targeted therapies of brain disorders involving abnormal
KYNA function.

Author Contributions: Conceptualization, R.S.; methodology, VP.d.1.C,K.VS, T.B.A,, S.B., X.-D.W,,
D.FG.E. and B.P; formal analysis, V.P.d.1.C., K.VS,, T.B.A,; investigation, R.S., VP.d.L.C., TB.A.;
resources, R.S., B.P; data writing—original draft preparation, V.P.d.1.C., K.V.S,, R.S.; writing—review
and editing, R.S., VP.d.1.C., K.VS,, TB.A,, S.B.,, X.-D.W.,, B.P, D.EG.E. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the U.S. National Institutes of Mental Health grant
P50 MH103222.

Institutional Review Board Statement: Use of the human brain specimens was approved by the
Institutional Review Board of the University of Maryland School of Medicine (N. HP-00043632).
Experimental protocol was approved by the Institutional Research Committee of the National Institute
of Neurology and Neurosurgery and by the Institutional Committee for the care and use of laboratory
animals. All procedures with animals were carried out according to regulations specified by the
Bioethical Committee, and the Mexican Regulation for the production, care, and use of laboratory
animals (NOM-159 062-ZO0-1999) Protocol 63/12 (Approved: 10 January 2013).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be made available upon reasonable requests to the corre-
sponding author.



Cells 2025, 14, 1030 9of12

Conflicts of Interest: Schwarcz is a co-founder of Kynexis BV, which develops a KYNA synthesis
inhibitor for the treatment of cognitive deficits in persons with schizophrenia. Other authors declare
no conflicts of interest.

References

1. Pocivavsek, A.; Schwarcz, R.; Erhardt, S. Neuroactive Kynurenines as Pharmacological Targets: New Experimental Tools and
Exciting Therapeutic Opportunities. Pharmacol. Rev. 2024, 76, 978-1008. [CrossRef] [PubMed]

2. Birch, PJ.; Grossman, C.J.; Hayes, A.G. Kynurenic acid antagonises responses to NMDA via an action at the strychnine-insensitive
glycine receptor. Eur. |. Pharmacol. 1988, 154, 85-87. [CrossRef] [PubMed]

3.  Kessler, M.; Terramani, T.; Lynch, G.; Baudry, M. A glycine site associated with N-methyl-D-aspartic acid receptors: Characteriza-
tion and identification of a new class of antagonists. . Neurochem. 1989, 52, 1319-1328. [CrossRef] [PubMed]

4. Hilmas, C,; Pereira, E.F,; Alkondon, M.; Rassoulpour, A.; Schwarcz, R.; Albuquerque, E.X. The brain metabolite kynurenic acid
inhibits alpha? nicotinic receptor activity and increases non-alpha? nicotinic receptor expression: Physiopathological implications.
J. Neurosci. 2001, 21, 7463-7473. [CrossRef]

5. Perkins, M.N.; Stone, T.W. An iontophoretic investigation of the actions of convulsant kynurenines and their interaction with the
endogenous excitant quinolinic acid. Brain Res. 1982, 247, 184-187. [CrossRef]

6. Wang, J.; Simonavicius, N.; Wu, X.; Swaminath, G.; Reagan, J.; Tian, H.; Ling, L. Kynurenic acid as a ligand for orphan G
protein-coupled receptor GPR35. |. Biol. Chem. 2006, 281, 22021-22028. [CrossRef]

7. DiNatale, B.C.; Murray, I.A.; Schroeder, ]J.C.; Flaveny, C.A.; Lahoti, T.S.; Laurenzana, E.M.; Omiecinski, C.J.; Perdew, G.H.
Kynurenic acid is a potent endogenous aryl hydrocarbon receptor ligand that synergistically induces interleukin-6 in the presence
of inflammatory signaling. Toxicol. Sci. 2010, 115, 89-97. [CrossRef]

8. Rassoulpour, A.; Wu, H.Q.; Ferre, S.; Schwarcz, R. Nanomolar concentrations of kynurenic acid reduce extracellular dopamine
levels in the striatum. J. Neurochem. 2005, 93, 762-765. [CrossRef]

9.  Wu, H.Q,; Rassoulpour, A.; Schwarcz, R. Kynurenic acid leads, dopamine follows: A new case of volume transmission in the
brain? J. Neural Transm. 2007, 114, 33-41. [CrossRef]

10. Carpenedo, R; Pittaluga, A.; Cozzi, A.; Attucci, S.; Galli, A.; Raiteri, M.; Moroni, F. Presynaptic kynurenate-sensitive receptors
inhibit glutamate release. Eur. J. Neurosci. 2001, 13, 2141-2147. [CrossRef]

11.  Konradsson-Geuken, A.; Wu, H.Q.; Gash, C.R.; Alexander, K.S.; Campbell, A.; Sozeri, Y.; Pellicciari, R.; Schwarcz, R.; Bruno,
J.P. Cortical kynurenic acid bi-directionally modulates prefrontal glutamate levels as assessed by microdialysis and rapid
electrochemistry. Neuroscience 2010, 169, 1848-1859. [CrossRef] [PubMed]

12.  Zmarowski, A.; Wu, H.Q.; Brooks, ].M.; Potter, M.C.; Pellicciari, R.; Schwarcz, R.; Bruno, ].P. Astrocyte-derived kynurenic acid
modulates basal and evoked cortical acetylcholine release. Eur. . Neurosci. 2009, 29, 529-538. [CrossRef]

13. Beggiato, S.; Tanganelli, S.; Fuxe, K.; Antonelli, T.; Schwarcz, R.; Ferraro, L. Endogenous kynurenic acid regulates extracellular
GABA levels in the rat prefrontal cortex. Neuropharmacology 2014, 82, 11-18. [CrossRef] [PubMed]

14. Albuquerque, E.X.; Schwarcz, R. Kynurenic acid as an antagonist of alpha7 nicotinic acetylcholine receptors in the brain: Facts
and challenges. Biochem. Pharmacol. 2013, 85, 1027-1032. [CrossRef]

15. Pocivavsek, A.; Erhardt, S. Kynurenic acid: Translational perspectives of a therapeutically targetable gliotransmitter. Neuropsy-
chopharmacology 2024, 49, 307-308. [CrossRef] [PubMed]

16. Timofeeva, O.A.; Levin, E.D. Glutamate and nicotinic receptor interactions in working memory: Importance for the cognitive
impairment of schizophrenia. Neuroscience 2011, 195, 21-36. [CrossRef]

17. Tanaka, M.; Toth, E; Polyak, H.; Szabo, A.; Mandji, Y.; Vecsei, L. Inmune Influencers in Action: Metabolites and Enzymes of the
Tryptophan-Kynurenine Metabolic Pathway. Biomedicines 2021, 9, 734. [CrossRef]

18.  Wu, H.Q.; Guidetti, P.; Goodman, ].H.; Varasi, M.; Ceresoli-Borroni, G.; Speciale, C.; Scharfman, H.E.; Schwarcz, R. Kynurenergic
manipulations influence excitatory synaptic function and excitotoxic vulnerability in the rat hippocampus in vivo. Neuroscience
2000, 97, 243-251. [CrossRef]

19. Pocivavsek, A.; Wu, H.Q.; Elmer, G.L; Bruno, J.P.; Schwarcz, R. Pre- and postnatal exposure to kynurenine causes cognitive
deficits in adulthood. Eur. |. Neurosci. 2012, 35, 1605-1612. [CrossRef]

20. Pershing, M.L.; Bortz, D.M.; Pocivavsek, A.; Fredericks, P].; Jorgensen, C.V.; Vunck, S.A.; Leuner, B.; Schwarcz, R.; Bruno, J.P.
Elevated levels of kynurenic acid during gestation produce neurochemical, morphological, and cognitive deficits in adulthood:
Implications for schizophrenia. Neuropharmacology 2015, 90, 33—41. [CrossRef]

21. Chess, A.C,; Simoni, M.K.; Alling, T.E.; Bucci, D.J. Elevations of endogenous kynurenic acid produce spatial working memory
deficits. Schizophr. Bull. 2007, 33, 797-804. [CrossRef] [PubMed]

22.  Forcelli, P.A; Palchik, G.; Leath, T.; DesJardin, ].T.; Gale, K.; Malkova, L. Memory loss in a nonnavigational spatial task after

hippocampal inactivation in monkeys. Proc. Natl. Acad. Sci. USA 2014, 111, 4315-4320. [CrossRef] [PubMed]


https://doi.org/10.1124/pharmrev.124.000239
https://www.ncbi.nlm.nih.gov/pubmed/39304346
https://doi.org/10.1016/0014-2999(88)90367-6
https://www.ncbi.nlm.nih.gov/pubmed/2846328
https://doi.org/10.1111/j.1471-4159.1989.tb01881.x
https://www.ncbi.nlm.nih.gov/pubmed/2538568
https://doi.org/10.1523/JNEUROSCI.21-19-07463.2001
https://doi.org/10.1016/0006-8993(82)91048-4
https://doi.org/10.1074/jbc.M603503200
https://doi.org/10.1093/toxsci/kfq024
https://doi.org/10.1111/j.1471-4159.2005.03134.x
https://doi.org/10.1007/s00702-006-0562-y
https://doi.org/10.1046/j.0953-816x.2001.01592.x
https://doi.org/10.1016/j.neuroscience.2010.05.052
https://www.ncbi.nlm.nih.gov/pubmed/20600676
https://doi.org/10.1111/j.1460-9568.2008.06594.x
https://doi.org/10.1016/j.neuropharm.2014.02.019
https://www.ncbi.nlm.nih.gov/pubmed/24607890
https://doi.org/10.1016/j.bcp.2012.12.014
https://doi.org/10.1038/s41386-023-01681-6
https://www.ncbi.nlm.nih.gov/pubmed/37500723
https://doi.org/10.1016/j.neuroscience.2011.08.038
https://doi.org/10.3390/biomedicines9070734
https://doi.org/10.1016/S0306-4522(00)00030-0
https://doi.org/10.1111/j.1460-9568.2012.08064.x
https://doi.org/10.1016/j.neuropharm.2014.10.017
https://doi.org/10.1093/schbul/sbl033
https://www.ncbi.nlm.nih.gov/pubmed/16920787
https://doi.org/10.1073/pnas.1320562111
https://www.ncbi.nlm.nih.gov/pubmed/24591610

Cells 2025, 14, 1030 10 of 12

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

Potter, M.C.; Elmer, G.I; Bergeron, R.; Albuquerque, E.X.; Guidetti, P.; Wu, H.Q.; Schwarcz, R. Reduction of endogenous kynurenic
acid formation enhances extracellular glutamate, hippocampal plasticity, and cognitive behavior. Neuropsychopharmacology 2010,
35,1734-1742. [CrossRef] [PubMed]

Pocivavsek, A.; Elmer, G.I.; Schwarcz, R. Inhibition of kynurenine aminotransferase II attenuates hippocampus-dependent
memory deficit in adult rats treated prenatally with kynurenine. Hippocampus 2019, 29, 73-77. [CrossRef]

Blanco Ayala, T.B.; Ramirez Ortega, D.R.; Ovalle Rodriguez, P.O.; Pineda, B.; Perez de la Cruz, G.P.; Gonzalez Esquivel, D.G;
Schwarcz, R.; Sathyasaikumar, K.V.; Jimenez Anguiano, A.]J.; Perez de la Cruz, V.P. Subchronic N-acetylcysteine Treatment
Decreases Brain Kynurenic Acid Levels and Improves Cognitive Performance in Mice. Antioxidants 2021, 10, 147. [CrossRef]
Schwarcz, R.; Bruno, J.P.; Muchowski, PJ.; Wu, H.Q. Kynurenines in the mammalian brain: When physiology meets pathology.
Nat. Rev. Neurosci. 2012, 13, 465-477. [CrossRef]

Guidetti, P.; Amori, L.; Sapko, M.T.; Okuno, E.; Schwarcz, R. Mitochondrial aspartate aminotransferase: A third kynurenate-
producing enzyme in the mammalian brain. J. Neurochem. 2007, 102, 103-111. [CrossRef]

Han, Q.; Robinson, H.; Cai, T.; Tagle, D.A.; Li, J. Biochemical and structural properties of mouse kynurenine aminotransferase IIL
Mol. Cell Biol. 2009, 29, 784-793. [CrossRef]

Perez-de la Cruz, V.; Amori, L.; Sathyasaikumar, K.V.; Wang, X.D.; Notarangelo, EM.; Wu, H.Q.; Schwarcz, R. Enzymatic
transamination of D-kynurenine generates kynurenic acid in rat and human brain. J. Neurochem. 2012, 120, 1026-1035. [CrossRef]
Wang, X.D.; Notarangelo, EM.; Wang, ].Z.; Schwarcz, R. Kynurenic acid and 3-hydroxykynurenine production from D-kynurenine
in mice. Brain Res. 2012, 1455, 1-9. [CrossRef]

Wang, X.D.; Horning, K.J.; Notarangelo, EM.; Schwarcz, R. A method for the determination of D-kynurenine in biological tissues.
Anal. Bioanal. Chem. 2013, 405, 9747-9754. [CrossRef] [PubMed]

Blanco Ayala, T.; Lugo Huitron, R.; Carmona Aparicio, L.; Ramirez Ortega, D.; Gonzalez Esquivel, D.; Pedraza Chaverri, J.;
Perez de la Cruz, G.; Rios, C.; Schwarcz, R.; Perez de la Cruz, V. Alternative kynurenic acid synthesis routes studied in the rat
cerebellum. Front. Cell Neurosci. 2015, 9, 178. [CrossRef]

Ramos-Chavez, L.A.; Lugo Huitron, R.; Gonzalez Esquivel, D.; Pineda, B.; Rios, C.; Silva-Adaya, D.; Sanchez-Chapul, L.;
Roldan-Roldan, G.; Perez de la Cruz, V. Relevance of Alternative Routes of Kynurenic Acid Production in the Brain. Oxidative
Med. Cell. Longev. 2018, 2018, 5272741. [CrossRef] [PubMed]

Ogaya, T.; Song, Z.; Ishii, K.; Fukushima, T. Changes in extracellular kynurenic acid concentrations in rat prefrontal cortex after
D-kynurenine infusion: An in vivo microdialysis study. Neurochem. Res. 2010, 35, 559-563. [CrossRef]

Kozaki, A.; Iwasa, S.; Hosoda, S.; Nishiguchi, Y.; Nakayama, M.; Ichiba, H.; Fukushima, T. Fluorimetric assay for D-amino
acid oxidase activity in rat brain homogenate by using D-kynurenine as a substrate. Biosci. Trends 2012, 6, 241-247. [CrossRef]
[PubMed]

Fukushima, T.; Sone, Y.; Mitsuhashi, S.; Tomiya, M.; Toyo’oka, T. Alteration of kynurenic acid concentration in rat plasma
following optically pure kynurenine administration: A comparative study between enantiomers. Chirality 2009, 21, 468-472.
[CrossRef]

Song, Z.; Ogaya, T.; Ishii, K.; Ichiba, H.; lizuka, H.; Fukushima, T. Utilization of Kynurenic Acid Produced from D-kynurenine in
an in Vitro Assay of D-Amino Acid Oxidase Activity. |. Health Sci. 2010, 56, 341-346. [CrossRef]

Lam, H.; Oh, D.C,; Cava, F; Takacs, C.N.; Clardy, J.; de Pedro, M.A.; Waldor, M.K. D-amino acids govern stationary phase cell
wall remodeling in bacteria. Science 2009, 325, 1552-1555. [CrossRef]

Ishii, K.; Ogaya, T.; Song, Z.; lizuka, H.; Fukushima, T. Changes in the plasma concentrations of D-kynurenine and kynurenic acid
in rats after intraperitoneal administration of tryptophan enantiomers. Chirality 2010, 22, 901-906. [CrossRef]

Pilone, M.S. D-Amino acid oxidase: New findings. Cell Mol. Life Sci. 2000, 57, 1732-1747. [CrossRef]

Caldinelli, L.; Molla, G.; Sacchi, S.; Pilone, M.S.; Pollegioni, L. Relevance of weak flavin binding in human D-amino acid oxidase.
Protein Sci. 2009, 18, 801-810. [CrossRef] [PubMed]

Verrall, L.; Burnet, PW.; Betts, ].F.; Harrison, PJ. The neurobiology of D-amino acid oxidase and its involvement in schizophrenia.
Mol. Psychiatry 2010, 15, 122-137. [CrossRef] [PubMed]

Pollegioni, L.; Sacchi, S.; Murtas, G. Human D-Amino Acid Oxidase: Structure, Function, and Regulation. Front. Mol. Biosci. 2018,
5,107. [CrossRef] [PubMed]

Souza, I.N.O.; Roychaudhuri, R.; de Belleroche, J.; Mothet, ].P. d-Amino acids: New clinical pathways for brain diseases. Trends
Mol. Med. 2023, 29, 1014-1028. [CrossRef]

Seckler, ].M.; Lewis, S.J. Advances in D-Amino Acids in Neurological Research. Int. J. Mol. Sci. 2020, 21, 7325. [CrossRef]
lizuka, H.; Ishii, K.; Hirasa, Y.; Kubo, K.; Fukushima, T. Fluorescence determination of D- and L-tryptophan concentrations in rat
plasma following administration of tryptophan enantiomers using HPLC with pre-column derivatization. J. Chromatogr. B Anal.
Technol. Biomed. Life Sci. 2011, 879, 3208-3213. [CrossRef]

Notarangelo, EM.; Wang, X.D.; Horning, K.J.; Schwarcz, R. Role of d-amino acid oxidase in the production of kynurenine pathway
metabolites from d-tryptophan in mice. |. Neurochem. 2016, 136, 804—814. [CrossRef]


https://doi.org/10.1038/npp.2010.39
https://www.ncbi.nlm.nih.gov/pubmed/20336058
https://doi.org/10.1002/hipo.23040
https://doi.org/10.3390/antiox10020147
https://doi.org/10.1038/nrn3257
https://doi.org/10.1111/j.1471-4159.2007.04556.x
https://doi.org/10.1128/MCB.01272-08
https://doi.org/10.1111/j.1471-4159.2012.07653.x
https://doi.org/10.1016/j.brainres.2012.03.026
https://doi.org/10.1007/s00216-013-7399-7
https://www.ncbi.nlm.nih.gov/pubmed/24158577
https://doi.org/10.3389/fncel.2015.00178
https://doi.org/10.1155/2018/5272741
https://www.ncbi.nlm.nih.gov/pubmed/29977455
https://doi.org/10.1007/s11064-009-0099-1
https://doi.org/10.5582/bst.2012.v6.5.241
https://www.ncbi.nlm.nih.gov/pubmed/23229117
https://doi.org/10.1002/chir.20620
https://doi.org/10.1248/jhs.56.341
https://doi.org/10.1126/science.1178123
https://doi.org/10.1002/chir.20850
https://doi.org/10.1007/PL00000655
https://doi.org/10.1002/pro.86
https://www.ncbi.nlm.nih.gov/pubmed/19309736
https://doi.org/10.1038/mp.2009.99
https://www.ncbi.nlm.nih.gov/pubmed/19786963
https://doi.org/10.3389/fmolb.2018.00107
https://www.ncbi.nlm.nih.gov/pubmed/30547037
https://doi.org/10.1016/j.molmed.2023.09.001
https://doi.org/10.3390/ijms21197325
https://doi.org/10.1016/j.jchromb.2011.02.014
https://doi.org/10.1111/jnc.13455

Cells 2025, 14, 1030 11 of 12

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

Verrall, L.; Walker, M.; Rawlings, N.; Benzel, I.; Kew, ].N.; Harrison, PJ.; Burnet, PW. d-Amino acid oxidase and serine racemase
in human brain: Normal distribution and altered expression in schizophrenia. Eur. ]. Neurosci. 2007, 26, 1657-1669. [CrossRef]
Madeira, C.; Freitas, M.E.; Vargas-Lopes, C.; Wolosker, H.; Panizzutti, R. Increased brain D-amino acid oxidase (DAAO) activity
in schizophrenia. Schizophr. Res. 2008, 101, 76-83. [CrossRef]

Kapoor, R.; Lim, K.S.; Cheng, A.; Garrick, T.; Kapoor, V. Preliminary evidence for a link between schizophrenia and NMDA-glycine
site receptor ligand metabolic enzymes, d-amino acid oxidase (DAAO) and kynurenine aminotransferase-1 (KAT-1). Brain Res.
2006, 1106, 205-210. [CrossRef]

de Bartolomeis, A.; Vellucci, L.; Austin, M.C.; De Simone, G.; Barone, A. Rational and Translational Implications of D-Amino
Acids for Treatment-Resistant Schizophrenia: From Neurobiology to the Clinics. Biomolecules 2022, 12, 909. [CrossRef] [PubMed]
Martineau, M.; Baux, G.; Mothet, J.P. D-serine signalling in the brain: Friend and foe. Trends Neurosci. 2006, 29, 481-491. [CrossRef]
Raje, M.; Hin, N.; Duvall, B.; Ferraris, D.V,; Berry, J.F.; Thomas, A.G.; Alt, J.; Rojas, C.; Slusher, B.S.; Tsukamoto, T. Synthesis of
kojic acid derivatives as secondary binding site probes of D-amino acid oxidase. Bioorganic Med. Chem. Lett. 2013, 23, 3910-3913.
[CrossRef]

Klein, J.R. Inhibition of D-amino acid oxidase by aromatic acids. J. Biol. Chem. 1953, 205, 725-730. [CrossRef] [PubMed]
Wolosker, H.; Balu, D.T.; Coyle, J.T. The Rise and Fall of the d-Serine-Mediated Gliotransmission Hypothesis. Trends Neurosci.
2016, 39, 712-721. [CrossRef]

Ploux, E.; Freret, T.; Billard, ].M. d-serine in physiological and pathological brain aging. Biochim. Biophys. Acta Proteins Proteom.
2021, 1869, 140542. [CrossRef] [PubMed]

Mason, M.; Berg, C.P. The metabolism of d- and I-tryptophan and d- and I-kynurenine by liver and kidney preparations. J. Biol.
Chem. 1952, 195, 515-524. [CrossRef]

Loh, H.H.; Berg, C.P. Production of D-kynurenine and other metabolites from D-tryptophan by the intact rabbit and by rabbit
tissue. J. Nutr. 1971, 101, 465-475. [CrossRef]

Horiike, K.; Tojo, H.; Arai, R.; Nozaki, M.; Maeda, T. D-amino-acid oxidase is confined to the lower brain stem and cerebellum in
rat brain: Regional differentiation of astrocytes. Brain Res. 1994, 652, 297-303. [CrossRef]

Koga, R.; Miyoshi, Y.; Sakaue, H.; Hamase, K.; Konno, R. Mouse d-Amino-Acid Oxidase: Distribution and Physiological
Substrates. Front. Mol. Biosci. 2017, 4, 82. [CrossRef]

Sasabe, J.; Suzuki, M.; Imanishi, N.; Aiso, S. Activity of D-amino acid oxidase is widespread in the human central nervous system.
Front. Synaptic Neurosci. 2014, 6, 14. [CrossRef]

Roskjeer, A.B.; Roager, HM.; Dragsted, L.O. D-Amino acids from foods and gut microbiota and their effects in health and disease.
Food Rev. Int. 2024, 40, 3196-3253. [CrossRef]

Friedman, M. Chemistry, nutrition, and microbiology of D-amino acids. J. Agric. Food Chem. 1999, 47, 3457-3479. [CrossRef]
Fradley, R.; Goetghebeur, P; Miller, D.; Burley, R.; Almond, S.; Gruart, LM.A.; Delgado Garcia, ].M.; Zhu, B.; Howley, E.; Neill,
J.C.; et al. Luvadaxistat: A Novel Potent and Selective D-Amino Acid Oxidase Inhibitor Improves Cognitive and Social Deficits in
Rodent Models for Schizophrenia. Neurochem. Res. 2023, 48, 3027-3041. [CrossRef] [PubMed]

Turski, W.A.; Nakamura, M.; Todd, W.P,; Carpenter, B.K.; Whetsell, W.O., Jr.; Schwarcz, R. Identification and quantification of
kynurenic acid in human brain tissue. Brain Res. 1988, 454, 164-169. [CrossRef] [PubMed]

Habas, C. Functional Connectivity of the Cognitive Cerebellum. Front. Syst. Neurosci. 2021, 15, 642225. [CrossRef]

Wang, B.; LeBel, A.; D’'Mello, A.M. Ignoring the cerebellum is hindering progress in neuroscience. Trends Cogn. Sci. 2025, 29,
318-330. [CrossRef]

Konarski, ].Z.; McIntyre, R.S.; Grupp, L.A.; Kennedy, S.H. Is the cerebellum relevant in the circuitry of neuropsychiatric disorders?
J. Psychiatry Neurosci. 2005, 30, 178-186.

Krienen, EM.; Buckner, R.L. Segregated fronto-cerebellar circuits revealed by intrinsic functional connectivity. Cereb. Cortex 2009,
19, 2485-2497. [CrossRef]

Sathyasaikumar, K.V.; Stachowski, E.K.; Wonodi, I.; Roberts, R.C.; Rassoulpour, A.; McMahon, R.P; Schwarcz, R. Impaired
kynurenine pathway metabolism in the prefrontal cortex of individuals with schizophrenia. Schizophr. Bull. 2011, 37, 1147-1156.
[CrossRef]

Linderholm, K.R; Skogh, E.; Olsson, S.K.; Dahl, M.L.; Holtze, M.; Engberg, G.; Samuelsson, M.; Erhardt, S. Increased levels of
kynurenine and kynurenic acid in the CSF of patients with schizophrenia. Schizophr. Bull. 2012, 38, 426—432. [CrossRef]

Baran, H.; Jan Pietryja, M.; Kepplinger, B. Importance of Modulating Kynurenic Acid Metabolism-Approaches for the Treatment
of Dementia. Biomolecules 2025, 15, 74. [CrossRef] [PubMed]

Moroni, E; Russi, P; Carla, V.; Lombardi, G. Kynurenic acid is present in the rat brain and its content increases during development
and aging processes. Neurosci. Lett. 1988, 94, 145-150. [CrossRef]

Gramsbergen, ].B.; Schmidt, W.; Turski, W.A.; Schwarcz, R. Age-related changes in kynurenic acid production in rat brain. Brain
Res. 1992, 588, 1-5. [CrossRef] [PubMed]


https://doi.org/10.1111/j.1460-9568.2007.05769.x
https://doi.org/10.1016/j.schres.2008.02.002
https://doi.org/10.1016/j.brainres.2006.05.082
https://doi.org/10.3390/biom12070909
https://www.ncbi.nlm.nih.gov/pubmed/35883465
https://doi.org/10.1016/j.tins.2006.06.008
https://doi.org/10.1016/j.bmcl.2013.04.062
https://doi.org/10.1016/S0021-9258(18)49216-2
https://www.ncbi.nlm.nih.gov/pubmed/13129251
https://doi.org/10.1016/j.tins.2016.09.007
https://doi.org/10.1016/j.bbapap.2020.140542
https://www.ncbi.nlm.nih.gov/pubmed/32950692
https://doi.org/10.1016/S0021-9258(18)55759-8
https://doi.org/10.1093/jn/101.4.465
https://doi.org/10.1016/0006-8993(94)90240-2
https://doi.org/10.3389/fmolb.2017.00082
https://doi.org/10.3389/fnsyn.2014.00014
https://doi.org/10.1080/87559129.2024.2347472
https://doi.org/10.1021/jf990080u
https://doi.org/10.1007/s11064-023-03956-2
https://www.ncbi.nlm.nih.gov/pubmed/37289348
https://doi.org/10.1016/0006-8993(88)90815-3
https://www.ncbi.nlm.nih.gov/pubmed/3409000
https://doi.org/10.3389/fnsys.2021.642225
https://doi.org/10.1016/j.tics.2025.01.004
https://doi.org/10.1093/cercor/bhp135
https://doi.org/10.1093/schbul/sbq112
https://doi.org/10.1093/schbul/sbq086
https://doi.org/10.3390/biom15010074
https://www.ncbi.nlm.nih.gov/pubmed/39858468
https://doi.org/10.1016/0304-3940(88)90285-6
https://doi.org/10.1016/0006-8993(92)91337-E
https://www.ncbi.nlm.nih.gov/pubmed/1393560

Cells 2025, 14, 1030 12 of 12

75.  Guidetti, P; Hoffman, G.E.; Melendez-Ferro, M.; Albuquerque, E.X.; Schwarcz, R. Astrocytic localization of kynurenine amino-
transferase II in the rat brain visualized by immunocytochemistry. Glia 2007, 55, 78-92. [CrossRef] [PubMed]

76. Chumakov, I; Blumenfeld, M.; Guerassimenko, O.; Cavarec, L.; Palicio, M.; Abderrahim, H.; Bougueleret, L.; Barry, C.; Tanaka, H.;
La Rosa, P; et al. Genetic and physiological data implicating the new human gene G72 and the gene for D-amino acid oxidase in
schizophrenia. Proc. Natl. Acad. Sci. USA 2002, 99, 13675-13680. [CrossRef]

77. Bajaj, A.; Tsukamoto, T. Evolution of D-amino acid oxidase inhibitors: From concept to clinic. Adv. Pharmacol. 2025, 102, 301-345.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/glia.20432
https://www.ncbi.nlm.nih.gov/pubmed/17024659
https://doi.org/10.1073/pnas.182412499
https://doi.org/10.1016/bs.apha.2024.10.016

	Introduction 
	Materials and Methods 
	Materials 
	Human Brain Tissue 
	Animals 
	In Vitro Studies 
	KYNA Production from Pure D-AAO 
	KYNA Production from D-KYN in Tissue Homogenates from Human and Rat Brain 

	In Vivo Microdialysis 
	Statistical Analysis 

	Results 
	Pure D-AAO Produces KYNA from D-KYN 
	KYNA Production from D-KYN in Human Brain Tissue Homogenates In Vitro 
	Roles of D-AAO and KATII in the Production of KYNA from D-KYN in the Rat Cerebellum In Vitro 
	Roles of D-AAO and KATII in the Production of KYNA from D-KYN in Rat Cerebellum In Vivo 

	Discussion 
	Conclusions 
	References

